With the rapid development of modern aviation industry, dual-property turbine disc with fine comprehensive performance plays an important role in raising the thrust-to-weight ratio of the aero-engine. For manufacturing dual-property turbine disc, the powder metallurgy superalloy (PM) with excellent creep resistance was chosen as rim material, and the wrought superalloy with fine equiaxed grains was chosen as bore material. Electron beam welding was carried out on the PM/wrought dual superalloys. Hot compression tests were conducted on the PM/Wrought dual superalloys at temperatures of 1020-1140 • C and strain rates of 0.001-1.0 s −1 . Deformation behavior and microstructure evolution have been investigated to study the deformation and recrystallization mechanism during hot deformation process. The results showed that PM/Wrought dual superalloy presents the similar flow behavior to single alloys and flow stress decreases significantly with the increase of deformation temperature or the decrease of strain rate. The apparent activation energy of deformation at the strain of 0.2 was determined as being 780.07 kJ·mol −1 . The constitutive equation was constructed for modeling the hot deformation of PM/Wrought dual superalloy. Meanwhile, the processing map approach was further adopted to optimize the manufacturing process for the dual-property turbine disc. Additionally, a new instability criterion was proposed: the "cliff" and "valley" in the power dissipation map are determined as sufficient conditions for flow instability. The optimum processing parameter for manufacturing the PM/Wrought dual-property turbine disc can be obtained to enhance the mechanical properties, based on the analysis of processing map technology and microstructural mechanism. disc with fine comprehensive performance plays an important role in raising the thrust-to-weight ratio of the aero-engine.
Introduction
Turbine discs are usually the most critical engine components attracting the main research attention in the field of advanced manufacturing. As the major component in advanced aero-engines, the working circumstances of turbine disc are severe and special, owing to the different parts of the disc need to bear different working temperatures and stresses. For turbine disc, high mechanical strength and fatigue resistance are needed for the inner region, which works at a low temperature. Excellent fatigue life and crack growth resistance are required for the outer region, which works at a high temperature [1] . With the rapid development of modern aviation industry, dual-property turbine The typical microstructure of welding seam for PM/Wrought dual superalloy is given in Figure  2 . It can be observed from Figure 2a that PM superalloy reveals previous particle boundaries (PPBs) network and wrought superalloy shows equiaxed microstructure. Meanwhile, there is dendrite microstructure in fusion zone. Therefore, the microstructure distribution at bonding interface of the PM/Wrought dual superalloy presents three different states, the transition of interfacial microstructure is not uniform. In addition, the optical micrograph at higher magnification shows no boundary between the base metal PM superalloy and the fusion zone (Figure 2b ), which indicates that the interface between the previous particle boundary and dendrite is well connected macroscopically and the micro-mechanism deserves further exploration. Remarkably, an obvious boundary between the fusion zone and the base metal wrought superalloy can be seen from Figure  2c . At the interface, there may be some defects, such as micro-cracks, which can cause instability in the weldments, and it is extremely unfavorable for the mechanical properties of the PM/Wrought dual superalloy. The isothermal compression tests were conducted using Gleebe-1500D thermo-simulation machine (DSI, America) at different deformation temperatures (1020, 1050, 1080, 1110, and 1140 • C) and different strain rates (0.001, 0.01, 0.1, and 1.0 s −1 ) with the height reduction selected as 50%. Specimens were heated up to the target temperature with the heating rate of 10 • C/s and then maintained for 3.0 min to achieve homogenize temperature distribution in the entire specimen. The true stress-strain data during the isothermal compression test were collected and recorded automatically. After compression, the deformed specimens were water-quenched instantly to retain the deformed microstructure. Then these specimens were wire-cut along the plane containing compression axis. After being ground and polished, the exposed surfaces were corroded with the chemical etchant of CuSO 4 (10 g) + H 2 O 2 (10 mL) + HCl (40 mL) + H 2 O (50 mL). Finally, the microstructure examination of compressed specimens was illustrated by using optical microscope (Olympus, Japan).
The typical microstructure of welding seam for PM/Wrought dual superalloy is given in Figure 2 . It can be observed from Figure 2a that PM superalloy reveals previous particle boundaries (PPBs) network and wrought superalloy shows equiaxed microstructure. Meanwhile, there is dendrite microstructure in fusion zone. Therefore, the microstructure distribution at bonding interface of the PM/Wrought dual superalloy presents three different states, the transition of interfacial microstructure is not uniform. In addition, the optical micrograph at higher magnification shows no boundary between the base metal PM superalloy and the fusion zone (Figure 2b ), which indicates that the interface between the previous particle boundary and dendrite is well connected macroscopically and the micro-mechanism deserves further exploration. Remarkably, an obvious boundary between the fusion zone and the base metal wrought superalloy can be seen from Figure 2c . At the interface, there may be some defects, such as micro-cracks, which can cause instability in the weldments, and it is extremely unfavorable for the mechanical properties of the PM/Wrought dual superalloy. Metals 2019, 9, Figure 3 demonstrates the true stress-strain curves of the PM/Wrought dual superalloy at different isothermal compression test conditions. The deformation temperature and strain rate have a significant effect on the true stress-strain curves, from which the inherent connection between the flow stress and deformation behavior can be systematically studied. The curvilinear trend of all flow stress curves is similar, both of them can be divided into three different parts, which are strain hardening stage, dynamic-softening stage, and relatively steady stage. In the initial stage of hot compression, the flow stress increases rapidly (almost linearly) until a peak value appears due to the generation and multiplication of dislocations, results in obvious strain hardening stage [7] . During the following stage, the flow stress progressively decreases as deformation proceeds. This feature of flow stress is related to the emergence of dynamic softening mechanisms (DRV and DRX) due to the cross-slip and climb of dislocation, which can partially neutralize the effect of strain hardening. At the high-strain zone, with the further accumulation of dislocation density, the DRX behavior is more sufficient and plays the major role in dynamic softening. Finally, the dynamic equilibrium between strain hardening and dynamic softening can be reached, leading to a relatively steady state of flow stress. In addition, it is noteworthy that the value of peak stress is sensitive to the strain rate and deformation temperature. At a specific deformation temperature, the peak stress increases following Figure 3 demonstrates the true stress-strain curves of the PM/Wrought dual superalloy at different isothermal compression test conditions. The deformation temperature and strain rate have a significant effect on the true stress-strain curves, from which the inherent connection between the flow stress and deformation behavior can be systematically studied. The curvilinear trend of all flow stress curves is similar, both of them can be divided into three different parts, which are strain hardening stage, dynamic-softening stage, and relatively steady stage. In the initial stage of hot compression, the flow stress increases rapidly (almost linearly) until a peak value appears due to the generation and multiplication of dislocations, results in obvious strain hardening stage [7] . During the following stage, the flow stress progressively decreases as deformation proceeds. This feature of flow stress is related to the emergence of dynamic softening mechanisms (DRV and DRX) due to the cross-slip and climb of dislocation, which can partially neutralize the effect of strain hardening. At the high-strain zone, with the further accumulation of dislocation density, the DRX behavior is more sufficient and plays the major role in dynamic softening. Finally, the dynamic equilibrium between strain hardening and dynamic softening can be reached, leading to a relatively steady state of flow stress. In addition, it is noteworthy that the value of peak stress is sensitive to the strain rate and deformation temperature. At a specific deformation temperature, the peak stress increases following the increase of the strain rate. Under a relatively high strain rate, the shortening of the deformation time not only increases the strain hardening effect but also restrains the nucleation and growth of DRX grains. However, for a fixed strain rate, the peak stress generally decreases with the augmentation of the deformation temperature. As the deformation temperature increases, the kinetic energy of atoms increase due to the enhancement of thermal activation energy. Moreover, the critical cutting stress among atoms controlled through crystal slip decreases. Both of these outcomes lead to lower flow stress [8] .
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Constitutive Equation of PM/Wrought Dual Superalloy
Generally, the hot plastic deformation of superalloys can be considered to be a process controlled by thermal activation, which is susceptible to deformation parameters such as true strain, strain rate, and deformation temperature. The constitutive equation, which reveals the intrinsic relationship between the flow stress, deformation temperature, and strain rate, is regarded as an effective approach to describe the flow behavior and predict the flow stress of work-piece during the deformation process. The Arrhenius-type equation, proposed by Sellars and Mctegart [9] , which is the most widely applied model and can be denoted as the following:
According to the different level of stress, Equation (1) can be simplified into these forms: 1. When ασ < 0.8, viz., for lower stress, 
According to the different level of stress, Equation (1) can be simplified into these forms:
1.
When ασ < 0.8, viz., for lower stress, 
3.
For all values of ασ,
In the above equations, .
ε is strain rate (s −1 ); σ is the flow stress (MPa); T is deformation temperature (K); Q is activation energy (kJ·mol −1 ); R is molar gas constant (8.314 kJ·mol −1 ·K −1 ); Moreover, A 1 , A 2 , A, β, n, n 1 , and α (α = β/n 1 ) are material constants.
In order to identify the above material constants, taking the natural logarithm on both side of Equations (2)-(4) simultaneously:
In this research, the true strain of 0.2 is taken as an example to illustrate the calculating procedure of material constants. From Equations (5) and (6), it can be known that n 1 = ∂ ln . ε/∂ ln σ and β = ∂ ln . ε/∂σ. ε at different deformation temperatures. Based on the reciprocal of average value of slopes of these fitted lines, the value of n 1 and β can be obtained as 5.584 and 0.037. Then the α-value is determined to be 0.0066. Metals 2019, 9, x FOR PEER REVIEW 6 of 18 2. When ασ > 1.2, viz., for higher stress,
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In the above equations, ε  is strain rate (s −1 ); σ is the flow stress (MPa); T is deformation temperature (K); Q is activation energy (kJ·mol −1 ); R is molar gas constant (8.314 kJ·mol −1 ·K −1 ); Moreover, A1, A2, A, β, n, 1 n , and α ( = 1 α β/ n ) are material constants.
In this research, the true strain of 0.2 is taken as an example to illustrate the calculating procedure of material constants. From Equations (5) and (6), it can be known that 1 ln / ln = ∂ ε ∂ σ  n and β ln / = ∂ ε ∂σ  . Figure 4a ,b gives the linear relationship of ln ln σ − ε  and ln σ − ε  at different deformation temperatures. Based on the reciprocal of average value of slopes of these fitted lines, the value of 1 n and β can be obtained as 5.584 and 0.037. Then the α-value is determined to be 0.0066.
(a) (b) The partial derivative is taken on both sides of Equation (7) to ln[sinh( )] ασ . When the deformation temperature is fixed, the following linear relationship can be given:
Similarly, when the strain rate is constant, the activation energy Q can be expressed as: The partial derivative is taken on both sides of Equation (7) to ln[sin h( ασ)]. When the deformation temperature is fixed, the following linear relationship can be given:
Similarly, when the strain rate is constant, the activation energy Q can be expressed as:
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The linear relationship of ln . ε − ln[sin h(α σ)] and ln[sin h(α σ)] − (1000/T) are obtained, respectively, as shown in Figure 5 . From Figure 5a , the average slope of these lines gives the value of n as 4.14. Likewise, the value of Q/Rn can be calculated from Figure 5b . The Q-value is derived as 780.07 kJ·mol −1 , and this value is higher than the self-diffusion of nickel (278 kJ·mol −1 ) [10] , which is attributed to the occurrence of DRX [11] .
Metals 2019, 9, respectively, as shown in Figure 5 . From Figure 5a , the average slope of these lines gives the value of n as 4.14. Likewise, the value of Q/Rn can be calculated from Figure 5b . The Q-value is derived as 780.07 kJ·mol −1 , and this value is higher than the self-diffusion of nickel (278 kJ·mol −1 ) [10] , which is attributed to the occurrence of DRX [11] .
(a) (b) Based on the research of Zener and Hollomon [12] , the comprehensive effect of deformation temperature and strain rate on flow stress during the hot plastic deformation process can be expressed by Zener-Hollomon parameter, as shown in following equation:
By combining Equations (4) and (10), and then taking the natural logarithm, Equation (11) can be derived as:
According to the linear relationship of lnZ ln[sinh(α )] − σ , Figure 6 can be obtained. Moreover, the correlation coefficient is about 0.99. The intercept of this line represents the value of lnA , thus the A-value is determined as being 2.33 × 10 28 . On the basis of above analysis, all of the material constants can be obtained. Therefore, the constitutive equation at the strain of 0.2 that describes the flow stress (σ) as a function of deformation temperature (T) and strain rate ( ε  ) for PM/Wrought dual superalloy can be expressed as: Based on the research of Zener and Hollomon [12] , the comprehensive effect of deformation temperature and strain rate on flow stress during the hot plastic deformation process can be expressed by Zener-Hollomon parameter, as shown in following equation:
According to the linear relationship of ln Z − ln[sin h(α σ)], Figure 6 can be obtained. Moreover, the correlation coefficient is about 0.99. The intercept of this line represents the value of ln A, thus the A-value is determined as being 2.33 × 10 28 .
According to the linear relationship of lnZ ln[sinh(α )] − σ , Figure 6 can be obtained. Moreover, the correlation coefficient is about 0.99. The intercept of this line represents the value of lnA , thus the A-value is determined as being 2.33 × 10 28 . On the basis of above analysis, all of the material constants can be obtained. Therefore, the constitutive equation at the strain of 0.2 that describes the flow stress (σ) as a function of deformation temperature (T) and strain rate ( ε  ) for PM/Wrought dual superalloy can be expressed as: On the basis of above analysis, all of the material constants can be obtained. Therefore, the constitutive equation at the strain of 0.2 that describes the flow stress (σ) as a function of deformation temperature (T) and strain rate ( . ε) for PM/Wrought dual superalloy can be expressed as:
It is worth noting that in the established constitutive model of Equation (12), only the effects of deformation temperature and strain rate on flow stress are considered. However, as shown in Figure 3 , the flow stress changes with the augmentation of the strain. Moreover, it is well known that the influence of the strain on the deformation activation energy and material constants is significant.
In order to more accurately analyze the flow behavior of the PM/Wrought dual superalloy, the material constants (Q, A, n, and α) are obtained using above-mentioned method at various strains within the range of 0.05-0.69 (interval of 0.05). The relationships between Q, ln A, n, α, and true strain for PM/Wrought dual superalloy ( Figure 7) can be polynomially fitted, as shown in Equation (13). The polynomial fitting results are presented in Table 1 .
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Establishment of Processing Map
The approach of dynamic materials model (DMM) has been widely used to establish processing map [13] [14] [15] . Based on the theory of DMM, the work-piece under the hot deformation process can be well regarded as a power dissipating system. The total power dissipation P is assumed to be combination of two complementary parts: G content and J co-content, which can be determined by:
where G content denotes the power consumed by the plastic deformation, most of which is released by thermal energy, while the J co-content represents the power dissipation induced by metallurgical evolution during hot deformation, such as DRV, DRX, and phase transformation. When the deformation temperature and strain are constant, the flow stress (σ) of work-piece can be represented by the dynamic constitutive equation m K σ = ε  , where K is a material parameter and m is the strain rate sensitivity exponent. Generally, the distribution of power dissipation between G and J is determined by the constitutive flow behavior of metal materials, thus the G content and J co-content can be expressed as:
The strain rate sensitivity exponent m can be defined by the ratio of / dJ dG . For an ideal linear dissipater, the value of m is 1 and the J co-content reaches the maximum value max / 2 J = σε  .For a non-linear dissipation process, the efficiency of dissipation η is employed to measure the power dissipation capacity of materials during hot deformation, which can be evaluated as:
The power dissipation map can be composed by the variation of η-value under all hot deformation conditions, which is employed to preliminarily judge certain specific microstructural mechanism may develop during the hot deformation process. Generally, the region with a high η 
where G content denotes the power consumed by the plastic deformation, most of which is released by thermal energy, while the J co-content represents the power dissipation induced by metallurgical evolution during hot deformation, such as DRV, DRX, and phase transformation. When the deformation temperature and strain are constant, the flow stress (σ) of work-piece can be represented by the dynamic constitutive equation σ = K . ε m , where K is a material parameter and m is the strain rate sensitivity exponent. Generally, the distribution of power dissipation between G and J is determined by the constitutive flow behavior of metal materials, thus the G content and J co-content can be expressed as:
The strain rate sensitivity exponent m can be defined by the ratio of dJ/dG. For an ideal linear dissipater, the value of m is 1 and the J co-content reaches the maximum value J max = σ . ε/2. For a non-linear dissipation process, the efficiency of dissipation η is employed to measure the power dissipation capacity of materials during hot deformation, which can be evaluated as:
The power dissipation map can be composed by the variation of η-value under all hot deformation conditions, which is employed to preliminarily judge certain specific microstructural mechanism may develop during the hot deformation process. Generally, the region with a high η value corresponds to a preferable processing condition. In this "safe" regime, power dissipates by great microstructure evolution.
In order to avoid the formation of defects during the hot deformation process, on the basis of the maximum rate of entropy production principle, a continuum criterion used to judge the occurrence of flow instability can be obtained, which is shown as the following:
Generally, the negative value of ξ( . ε) indicates that detrimental deformation mechanism may happen, such as dynamic strain aging, mechanical twinning, adiabatic shear band formation, and the initiation of micro-cracks [16, 17] , thus flow instability can be forecasted to occur.
The strain rate sensitivity exponent m is a very critical parameter in the forming of plastic materials. Generally, m-value is widely associated with deformation mechanism, therefore many investigators have employed diverse means to calculate it [18, 19] . In addition, some researchers reported that the variety of m-values is related to the deformation parameters and microstructural evolution. Ning et al. [20] investigated the hot deformation behavior of P/M nickel-based superalloy, and found the variation of m-value is related to the DRX process. Moreover, with the increase of strain, the fraction of the dynamic recrystallized grains increases with the m-value. Lin et al. [21] explored the hot tensile deformation behavior of a typical Ni-based superalloy and determined that the studied superalloy has a good necking diffusion and transfer capacity when the strain rate sensitivity exponent m is relatively high. Liu et al. [22] studied the effect of temperature and strain rate on the workability of the FGH4096 superalloy, and concluded that the values of strain rate sensitivity exponent m present significant variation because of the dissolution of the γ phase. Figure 9 gives the fitted cubic splines for Logσ − Log . ε at different deformation conditions to calculate the value of the strain rate sensitivity exponent m. Apparently, the value of m for PM/Wrought dual superalloy is significantly influenced by the different deformation temperatures and strain rates. Figure 10 presents the variation map of the m-value for PM/Wrought dual superalloy, from which the explicit response of m-value to strain, strain rate, and deformation temperature can be directly reflected. It can be observed that with the alteration of strain, strain rate and deformation temperature, the strain rate sensitivity exponent m varies irregularly. Remarkably, the m-value at the strain of 0.69 and the strain rate of 1.0 s −1 decreases at first as the deformation temperature increases. Then, a minimum m-value can be gotten. Finally, the value begins to increase gradually at higher deformation temperatures. It is interesting to note that the minimum m-value is gained at 1050 • C, and this temperature is near the recrystallization temperature. The cause of this phenomenon may be well explained by the variation of the grain size. Figure 11 illustrates the microstructures and the m-values of the PM/Wrought dual superalloy deformed at the strain rate of 1.0 s −1 . The nuclei of recrystallized grains can be observed at 1050 • C from Figure 11 , which indicates that recrystallization begins to occur, results in the minimum m-value appeared. With the deformation temperature increases, the nuclei gradually grow up into equiaxed grains, which leads to the m-value at the deformation temperature of 1140 • C is higher than 1050 • C. Generally, fine grain size is favorable for the sliding of grain boundary, so the alternation of the grain size can provide a reasonable explanation for the variation of strain rate sensitivity exponent m when the deformation temperature increases from 1050 to 1140 • C.
It has been widely accepted that the investigation of power dissipation map is an effective method to optimize hot processing parameters and control microstructural evolution during the hot plastic deformation process. Based on the three-dimensional variations of the η-value with the strain rate and deformation temperature, the power dissipation map can be constructed under a particular strain. Power dissipation map can be employed to exhibit various regions, which are correlated with particular mechanism of microstructural evolution during the hot plastic deformation process. In this map, the different contours with various efficiency of power dissipation η values represent the diverse microstructural mechanisms. It is generally considered that the regions with higher η values are the optimum hot deformation condition, under which the hot workability could be ameliorated and suitable microstructure can be obtained. Figure 12 gives the response 3D surfaces of the efficiency of power dissipation for PM/Wrought dual superalloy at the true strains of 0.1, 0.3, 0.5, and 0.69. It can be observed from Figure 12 that there are three features shown in the 3D-colormap surface, viz., mountain, valley, and cliff. The efficiency of power dissipation (η) shifts among different feature, indicating that the hot workability of PM/Wrought dual superalloy changes evidently with the increasing strain from 0.1 to 0.69. With further observation, at deformation temperatures ranging from 1110 to 1140 • C, under a relatively small true strain (0.1 and 0. 3) the η-value at the strain rate of 1.0 s −1 is lower than at 0.001 s −1 , however, which is completely opposite to when there is a high strain (0.5 and 0.69). In general, the efficiency of power dissipation η related to DRV is about 0.30, while the value associated with DRX is about 0.30-0.50 [23, 24] . Obviously, the efficiency of power dissipation is higher than 0.30 under the deformation condition of (T d : 1100-1140 • C, . ε: 0.1-1.0 s −1 ) at large strains. Moreover, the peak efficiency of about 0.55 occurring at 1140 • C/1.0 s −1 in this domain. Therefore, the optimum processing condition of PM/Wrought dual superalloy may be considered under this region in the case of large deformation.
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New Instability Criterion from Power Dissipation Map
According to the dynamic material model (DMM), different instability criteria have been advanced by Prasad [25] , Gegel [26] , Malas [27] , Murty [28] , and Semiatin [29] , which are utilized to investigate the hot plastic deformation of metallic materials. In this research, a new approach for finding the instable region from power dissipation map is proposed. Figure 13 schematically illustrates the instability criterion of the PM/Wrought dual superalloy. A local region marked as cliff is shown in Figure 13 , where the η-value distinctly converts from high into low. Subsequently, under the cliff, it can be observed that there is a valley with a lower η-value. In general, there are some "bottoms" in the valley, in which the value of η is less than 0.1. An unstable region can be predicted between the cliff and valley. The flow instability may occur during the hot plastic deformation process when the deformation condition located in this region. It should be noted that the "cliff" and "valley" features are the sufficient conditions of flow instability, but not necessary conditions. As a matter of fact, the occurrence of flow instability is the result of the interaction of many complex factors in the hot plastic deformation process. Therefore, further research is still needed to provide certification of the microstructural mechanism and mathematical equation. 
According to the dynamic material model (DMM), different instability criteria have been advanced by Prasad [25] , Gegel [26] , Malas [27] , Murty [28] , and Semiatin [29] , which are utilized to investigate the hot plastic deformation of metallic materials. In this research, a new approach for finding the instable region from power dissipation map is proposed. Figure 13 schematically illustrates the instability criterion of the PM/Wrought dual superalloy. A local region marked as cliff is shown in Figure 13 , where the η-value distinctly converts from high into low. Subsequently, under the cliff, it can be observed that there is a valley with a lower η-value. In general, there are some "bottoms" in the valley, in which the value of η is less than 0.1. An unstable region can be predicted between the cliff and valley. The flow instability may occur during the hot plastic deformation process when the deformation condition located in this region. It should be noted that the "cliff" and "valley" features are the sufficient conditions of flow instability, but not necessary conditions. As a matter of fact, the occurrence of flow instability is the result of the interaction of many complex factors in the hot plastic deformation process. Therefore, further research is still needed to provide certification of the microstructural mechanism and mathematical equation. Figure 14 shows the microstructures of the PM/Wrought dual superalloys that were deformed at different hot compression conditions. Obviously, the deformation temperature and strain rate have great effects on the interface microstructure of the PM/Wrought dual superalloy. Moreover, it can be clearly observed from Figure 14 that these typical microstructures provide the evidence for DRV, DRX, and grain growth. The compression microstructures of the samples at 1020 °C under different strain rates are shown in Figure 14i -iv. In these microstructures, many grains are elongated in the compression direction and the grain boundaries are irregular. In general, the DRV are difficult to encourage to develop due to the limited deformation activation energy when the deformation temperature is low. When the PM/Wrought dual superalloy deformed at the deformation temperature of 1050 °C and high strain rates of 0.1-1.0 s −1 , the typical microstructures present a distinct feature of DRV. In addition, typical necklace structures could be observed, as shown in Figure  14vi , in which the residual dendrite is entirely surrounded by the recrystallized grains. A typical DRX microstructure is shown at the lower-left domain with the deformation temperatures of 1080-1140 °C and strain rates of 0.1-1.0 s −1 . The distribution of DRX grains and residual dendrite in this domain can be seen. Furthermore, the area fraction of DRX grain increases with deformation temperature, this indicates that the relatively high deformation temperature can accelerate the process of DRX. As shown in the lower-right domain, the residual dendrites are almost totally disappeared at deformation temperatures of 1110-1140 °C and strain rates of 0.001-0.01 s −1 due to the DRX has occurred fully. Moreover, it is noteworthy that the coarse microstructure exists at this domain. This phenomenon is owing to the grain growth and strengthened phase being coarsened when the samples were deformed at the lower strain rate. So as to obtain the homogeneous microstructure with fine grains and realize a great transition of the welding interface, hot plastic deformation should be processed under the condition of 1140 °C/1.0 s −1 with the peak efficiency of 0.55. After hot plastic deformation, the microstructure of welding seam for PM/Wrought dual superalloy was greatly improved, showing equiaxed microstructure. It is noteworthy that there may be some differences in grain size between powder metallurgy superalloy, bonding interface, and wrought superalloy. Therefore, further research focus should be concentrated on microstructural optimization. Figure 14 shows the microstructures of the PM/Wrought dual superalloys that were deformed at different hot compression conditions. Obviously, the deformation temperature and strain rate have great effects on the interface microstructure of the PM/Wrought dual superalloy. Moreover, it can be clearly observed from Figure 14 that these typical microstructures provide the evidence for DRV, DRX, and grain growth. The compression microstructures of the samples at 1020 • C under different strain rates are shown in Figure 14i -iv. In these microstructures, many grains are elongated in the compression direction and the grain boundaries are irregular. In general, the DRV are difficult to encourage to develop due to the limited deformation activation energy when the deformation temperature is low. When the PM/Wrought dual superalloy deformed at the deformation temperature of 1050 • C and high strain rates of 0.1-1.0 s −1 , the typical microstructures present a distinct feature of DRV. In addition, typical necklace structures could be observed, as shown in Figure 14vi , in which the residual dendrite is entirely surrounded by the recrystallized grains. A typical DRX microstructure is shown at the lower-left domain with the deformation temperatures of 1080-1140 • C and strain rates of 0.1-1.0 s −1 . The distribution of DRX grains and residual dendrite in this domain can be seen. Furthermore, the area fraction of DRX grain increases with deformation temperature, this indicates that the relatively high deformation temperature can accelerate the process of DRX. As shown in the lower-right domain, the residual dendrites are almost totally disappeared at deformation temperatures of 1110-1140 • C and strain rates of 0.001-0.01 s −1 due to the DRX has occurred fully. Moreover, it is noteworthy that the coarse microstructure exists at this domain. This phenomenon is owing to the grain growth and strengthened phase being coarsened when the samples were deformed at the lower strain rate. So as to obtain the homogeneous microstructure with fine grains and realize a great transition of the welding interface, hot plastic deformation should be processed under the condition of 1140 • C/1.0 s −1 with the peak efficiency of 0.55. After hot plastic deformation, the microstructure of welding seam for PM/Wrought dual superalloy was greatly improved, showing equiaxed microstructure. It is noteworthy that there may be some differences in grain size between powder metallurgy superalloy, bonding interface, and wrought superalloy. Therefore, further research focus should be concentrated on microstructural optimization. fine grains and realize a great transition of the welding interface, hot plastic deformation should be processed under the condition of 1140 °C/1.0 s −1 with the peak efficiency of 0.55. After hot plastic deformation, the microstructure of welding seam for PM/Wrought dual superalloy was greatly improved, showing equiaxed microstructure. It is noteworthy that there may be some differences in grain size between powder metallurgy superalloy, bonding interface, and wrought superalloy. Therefore, further research focus should be concentrated on microstructural optimization. 
Typical Microstructures of PM/Wrought Dual Superalloy Processed After Hot Plastic Deformation
(i) (ii) (iii) (iv)
Conclusions
The hot deformation behavior and microstructural mechanism of PM/Wrought dual superalloy fabricated by electron beam welding have been deeply investigated at the deformation temperatures of 1020-1140 °C and strain rates of 0.001-1.0 s −1 . Conclusions as below can be summarized from this research:
(1) PM/Wrought dual superalloy presents the similar flow behavior to that of single alloy. The true stress-strain curves indicate that the deformation temperature and strain rate have a significant effect on the flow behavior of the PM/Wrought dual superalloy. (xx) 1140 • C/0.001 s −1 .
The hot deformation behavior and microstructural mechanism of PM/Wrought dual superalloy fabricated by electron beam welding have been deeply investigated at the deformation temperatures of 1020-1140 • C and strain rates of 0.001-1.0 s −1 . Conclusions as below can be summarized from this research:
(1) PM/Wrought dual superalloy presents the similar flow behavior to that of single alloy. The true stress-strain curves indicate that the deformation temperature and strain rate have a significant effect on the flow behavior of the PM/Wrought dual superalloy. (2) The apparent activation energy of the PM/Wrought dual superalloy at the strain of 0.2 was determined as 780.07 kJ·mol −1 . The constitutive equation constructed for modeling the hot plastic deformation of PM/Wrought dual superalloy can be expressed as:
. ε = 2.33 × 10 28 [sinh(0.0066σ)] 4.14 exp − 780070 RT
(3) A new approach for finding the instable region from power dissipation map was proposed: the "cliff" and "valley" features are the sufficient conditions of flow instability. (4) According to the power dissipation map and microstructural characterization, the optimum hot plastic deformation parameter is suggested to be 1140 • C/1.0 s −1 with the peak efficiency of 0.55 for manufacturing the dual-property turbine disc.
